Laboratory (SPL) during the StormVEx and IFRACS programs in 2011 and 2014, respectively. The data include 92 hours of simultaneous measurements of supercooled liquid cloud droplet and ice particle size distributions (PSD).
strong relationship between the width of cloud droplet spectra and ice particle concentrations in cumuliform and stratiform clouds where cloud top temperature ranged between -36 and -6°C. Lance et al. (2011) found higher concentrations of ice particles larger than 400 µm in clean Arctic clouds with larger droplets sizes than in polluted Arctic clouds with smaller but more numerous drops.
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The aforementioned studies have furthered the understanding of precipitation processes and distributions in complex terrain from dynamical and microphysical perspectives but due to the lack of data, were unable to establish a link between the cloud microphysics aloft and the surface. Rogers and Vali (1987) 
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on the UWQA routinely showed higher crystal concentrations at the surface. The authors attributed the higher surface concentrations to an unspecified process of ice crystal generation in supercooled orographic clouds in contact with snow covered mountain surfaces. However, blowing snow can also introduce the potential for artifacts in observed ice crystal concentrations at mountaintop locations (Roger and Vali, 1987; Geerts et al., 2015) .
The Storm Peak Lab Cloud Property Validation Experiment (StormVEx) was conducted from November 15, 85 2010 to April 25, 2011 at DRI's Storm Peak Laboratory (SPL) to produce a correlative data set to validate cloud retrievals using in situ measurements at SPL (Mace et al., 2010; Matrosov et al., 2012) . The Isotopic Fractionation in Snow (IFRACS) study was conducted at SPL from January 20 to February 27, 2014 to explore the impacts of microphysical processes in wintertime orographic clouds on the water isotopic composition of falling snow (Lowenthal et al., 2016; Moore et al., 2016) . This paper examines microphysical properties of wintertime orographic
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MPC at SPL using data collected during StormVEx and IFRACS. A large record of concurrent measurements of ice and supercooled liquid water was generated. These data enable exploration of relationships among microphysical properties in a statistical sense, the temporal variation of cloud properties over a 3 year period at this site, the relationship between the ice and liquid phases, and ice formation mechanisms. Potential measurement artifacts due to instrumental characteristics and blowing snow are evaluated.
2 Methods
Storm Peak Laboratory (SPL, 3210 m ASL; 40.456570°N, 106.739948°W) is located on the summit of Mt. Werner in the Park Range near Steamboat Springs, Colorado (Wetzel et al., 2004) . In wintertime, SPL is in snowing, supercooled liquid cloud roughly 25% of the time (Borys and Wetzel, 1997) . Snow storms occur roughly weekly under a variety of synoptic conditions Borys and Wetzel, 1997) . As with a "scarf tube", which narrows and accelerates the flow in the sample volume to 25 m s -1 according to the manufacturer. The face velocity at the center of the inlet was measured at 9.4 m s -1 , which corresponds to a velocity of 26.7 m s -1 in the sample volume. The scarf tube was removed during StormVEx such that the face velocity at the 110 inlet should have been the same as that in the sample volume. There were attempts to measure the face velocity during StormVEx but these were inconsistent. Therefore, StormVEx SPP-100 concentrations were recalculated using the face velocity of 9.4 m s -1 measured during IFRACS. 
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of the roof approximately 6 m above the snow surface.
The 2 D CIP images from StormVEx and IFRACS were processed using the Optical Array Shadow Imaging Software (OASIS) program developed at the University of Manchester (Crosier et al., 2011; Lloyd et al., 2015) and marketed by DMT (http://www.dropletmeasurement.com/optical-array-shadow-imaging-software-oasis). The CIP depth of field was corrected as a function of particle size (Baumgardner and Korolev, 1997) . Ice particle shattering on 125 the probe tips was found to be insignificant based on particle interarrival time (Field et al., 2006) . This is consistent with relatively low wind speed at the surface compared with aircraft speeds (~100 m s 1 ). Concentrations in the first two CIP channels (<62.5 µm) were ignored because of sizing uncertainties (Korolev et al., 1998 : Strapp et al., 2001 and because some of these particles are likely to be cloud droplets in mixed phase clouds (MPC). The total CIP concentration excluding the first two channels is referred to as Ni. The center in approach, which includes particles
130
that obscure an end diode, was used to identify particles and estimate the sample volume (Heymsfield and Parrish, 1978) . Particle size was described as the area equivalent diameter, i.e., the diameter of a circle with the same area as the particle, as determined from the number of shadowed pixels and the probe resolution. Ice water content (IWC) was estimated by OASIS using the approach of Brown and Francis (1995) . This estimate is uncertain because mass dimensional relationships vary significantly with ice particle habit, riming extent, aggregation, and temperature (Mitchell, 1996; Schmitt and Heymsfield, 2010) .
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In aircraft studies, the volume of air sampled by cloud probes is related to TAS. At aircraft speeds, particles are sampled along the horizontal axes of and perpendicular to the sample area of the cloud probes. This is not necessarily the case with ground based sampling, even when the probes are mounted on a wind vane such as those used at SPL or JFJ, where cloud probes were mechanically oriented into the wind based on sonic anemometer measurements (Lloyd 140 et al., 2015) . If the particle trajectory is not as described above, the particles can appear misshapen but not necessarily miss sized according to the area equivalent diameter. CIP data used in the following analysis were constrained as follows: 1) 1 second TAS >1 and <20 m s -1 . A lower limit is needed to ensure that particles traverse the CIP array as close to horizontally as possible. Note that the updraft near the mountain tends to impart a horizontal trajectory on falling ice particles (Borys et al., 2000) . An upper limit is needed to guard against contamination by blowing snow.
145
During StormVEx and IFRACS, snow and supercooled cloud water samples were collected in bags and on cloud sieves (Borys et al., 2000 (Lowenthal et al., 2016) .
Results and Discussion
The full StormVEx program lasted nearly 6 months, from November, 2010 through April, 2011, while IFRACS was designed as a 6 week field project in January and February, 2014. During IFRACS, the Picarro began collecting data
155
on January 20, however, the weather was clear until January 27 (Lowenthal et al., 2016 ) and large (>400 µm) ice particle concentrations were also higher during IFRACS.
The average LWC at SPL was more than an order of magnitude lower than LWC observed in the Sierra Nevada (1.5 g m -3 ) and Cascade (2 g m -3 ) mountains, respectively (Lamb et al., 1976; Hobbs, 1975 average TAS of ~6 m s -1 , sampling is anisokinetic, leading to oversampling of smaller droplets. Ideally, the flow through the SPP-100 sample tube should increase as the square of the radius inside the scarf tube. However, the behavior of the flow at the leading edge of the scarf tube could be turbulent, resulting in entrainment of larger particles. This is consistent with the PSDs shown in Fig. 1 and the slightly lower LWC and mean diameter (NMD) during
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StormVEx (Table 1) .
Spherical liquid drops and irregular ice particles can be distinguished with image analysis, however, this is only possible for particles with area equivalent diameters larger than about 110 µm for the CIP (Crosier et al., 2011) . To determine whether the CIP measured liquid droplets in MPC, the average of the 1 second CIP PSDs in mixed phase 
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versus 21 L -1 during IFRACS. This could be an indication of liquid mediated ice production (Rangno and Hobbs, 2001; de Boer et al., 2011; Lance et al., 2011) . Note that average TAS under wet and dry conditions were similar, i.e., 5.9 and 6.5 m s -1 , respectively, during StormVEx and 5.9 and 5.2 m s -1 , respectively, during IFRACS. There is an apparent inconsistency in this analysis, which is that when particles are counted in the first CIP channel under "dry" conditions, they should also be measured by the SPP-100. The average concentrations in the first CIP channel under
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"dry" conditions were 0.32 and 0.06 cm -3 during StormVEx and IFRACS, respectively. These values can be inaccurate because of sizing uncertainty in the first two CIP channels. The actual concentration of particles in CIP channel 1 under "dry" conditions may also be below the limit of detection of the SPP-100. The impact of ice particles on SPP-100 measurements cannot be observed directly with these instruments. Taken at face value, the magnitude of the ratio of wet/dry concentrations in CIP channel 1 places an upper limit on the effect of ice particles on the SPP-100 205 measurements. On average, droplets were 34 times more abundant than crystals in the 12.5-37.5 µm size range while the corresponding ratio during StormVex was only 3.7.
The distributions of Conc75-200, wind speed and temperature as a function of wind direction during StormVEx and IFRACS are summarized in Table 2 . Winds were from the NW sector ~75.3 and 57% of the time during StormVEx and IFRACS, respectively. There was one 5 minute period during IFRACS when the wind direction was 11 degrees.
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High Conc75-200 were seen in the NW sector in both studies but the highest concentrations were seen in the NNW sector, albeit at low frequency. When segregated by wind direction, there was no relationship between and temperature or wind speed in either study.
Supercooled Liquid Cloud Microphysics
Atmos. Chem. Phys. Discuss., https://doi.org/10.5194/acp-2018-822 Manuscript under review for journal Atmos. Chem. Phys. Discussion started: 10 September 2018 c Author(s) 2018. CC BY 4.0 License.
In non precipitating warm clouds, an increase in CCN should increase CDNC while decreasing droplet size at constant
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LWC (Albrecht, 1989) . Smaller drops may inhibit collision coalescence and precipitation and increase LWC (Zheng et al., 2010) . Borys et al. (2000) demonstrated a direct relationship between clear air equivalent sulfate concentration (a surrogate for pre cloud CCN) and CDNC and an inverse relationship between CDNC and droplet size (NMD) in MPC at SPL. In such clouds, the droplet distribution may be impacted by riming of ice particles and by transitions between the liquid and ice phases. Figure 3 presents the relationship between 1 minute droplet NMD and CDNC in 220 MPC during StormVEx (Fig. 3a) and IFRACS (Fig. 3c) . The relationship is stronger when the data are stratified by LWC. The average NMD and CDNC were calculated for each of the four ranges of LWC in 
Relationship between LWC and IWC
As noted above with respect to Table 1 , liquid cloud microphysical properties at SPL were less variable than those of the ice phase. One reason for this is that the ice phase is impacted by processes occurring upwind and at higher altitude. Lowenthal et al. (2011; 2016) (Fig. 4) and for minutes outside of that interval with the additional constraint that the LWC/IWC ratio was greater than 2. These PSDs are presented in Fig. 5 . The average IWC and LWC were 0.72 and 0.088 and 0.054 and 0.25 g m -3 for the high and low IWC periods respectively. The average IWC and LWC during the high IWC and high LWC periods were 3.7 and 1.98 times higher, respectively, than the study wide averages (Table 1) 
Liquid Mediated Ice Production
In this section, the hypothesis that ice production in MPC at SPL is related to large droplet concentration is examined (Hobbs and Rangno, 1985; Lance et al., 2011) . To reiterate, Fig. 2 demonstrates that the CIP measured cloud droplets 275 in the first but not higher channels. Noting that particles were measured by the CIP in channel 1 under dry conditions, the ratio of wet/dry concentration in CIP channel 1 constrains the effect of ice particles on the SPP-100 measurements.
During StormVEx, a wet/dry a ratio of ~4 suggests that ~20% of CDNC25-35 could have been ice particles. During IFRACS, a wet/dry ratio of 34 suggests that the effect of ice particles on CDNC25-35 was negligible.
The relationships between 1 minute average CDNC25-35 and Conc75-200 were examined under cold (<-12 °C)
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and warm (>-8 °C) conditions. This is intended to distinguish cold and warm primary or secondary ice production processes. Figures 6a and 6c (Fig. 6d) . Figure 6d suggests that the warm data points followed two trends, one similar to the cold points in Fig. 6b and the other similar to the flat distribution of warm points in Fig. 6c .
Temperatures at SPL during StormVEx and IFRACS were less than -15°C only 9% of the time and thus small Secondary ice production (SIP) mechanisms have been extensively reviewed (e.g., Field et al., 2017) . Sullivan et al. (2018) modeled SIP by rime splintering, droplet shattering, and collisional breakup. Rangno and Hobbs (2001) concluded that shattering of large droplets (>50 µm) upon freezing could have accounted for high observed ice particle 305 concentrations in Arctic stratus. While there is no evidence of droplets this large at SPL, they could be present upwind and above SPL. Keppas et al. (2017) concluded that rime splintering occurred in warm (-6 to 0 °C) frontal clouds.
"Lolly pop" shaped crystals were taken as evidence of riming of columnar crystals by droplets larger than 100 µm.
Neither "lolly pops" nor droplets this large have been observed in MPC at SPL. Lloyd et al. (2015) considered blowing snow, rime splintering, and detachment of surface frost (Bacon et al., 1998) as sources of high ice particle 310 concentrations at JFJ. They ultimately favored the latter process, albeit with no direct evidence. There is also no evidence regarding surface frost splinters at SPL. Rime splintering could have been responsible for the relationship between CDNC25-35 and Conc75-200 during IFRACS under warm conditions although it is not clear why this wouldn't also have been the case during StormVEx. Perhaps there were too few warm 1 minute periods during StormVEx to establish a meaningful relationship. For rime splintering to account for a relationship between CDNC25-315 35 and Conc75-200, the rime mass fraction as well as the number of splinters produced by each rimed droplet would have to be consistent. This is farfetched.
Blowing Snow
Blowing snow can cause significant artifacts in ice crystal measurements at surface locations. Rogers and Vali (1987) found higher ice crystal concentrations at the Elk Mountain Observatory compared with those observed aloft on the
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University of Wyoming Queen air but discounted blowing snow as the explanation for this difference. Lloyd et al. (2015) concluded that high ice crystal concentrations at JFJ were not caused by blowing snow. Geerts et al. (2015) Atmos. Chem. Phys. Discuss., https://doi.org/10. aggregation, or sublimation in subsaturated regions. The ice crystal PSD measured at the surface can also be enhanced by ice production near the surface, as discussed above, secondary ice production, or blowing snow.
Beck et al, (2017) conducted ice particle measurements at various heights on a 10 m tower at the Sonnblick Observatory (SBO) in Rauris, Austria. They suggested that during cloud free periods, a rapid decrease in ice crystal concentration with height could be explained by blowing snow. However, the wind speeds during those periods were 335 around 17 m s -1 , which is significantly higher than the 1 minute average wind speeds in the SPL analysis. In contrast, when SBO was in liquid cloud, a consistent decrease in ice crystal concentration with height on the tower was not observed. Rather, varying vertical profiles of crystal concentration were attributed to advection of ice crystals in a turbulent layer above the snow surface or enhancement of ice crystal concentration due to a convergence zone of ice crystals at the mountaintop associated with orographic flow over the barrier.
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Correlations between 1 minute average TAS and Conc75-200 during StormVEx and IFRACS were 0.38 (0.36) and 0.54 (0.47), respectively. These moderate correlations could be taken as evidence for blowing snow. Note that the corresponding correlations in the 1 second data were lower, i.e., 0.23 (0.25) and 0.14 (0.22), respectively. The lower correlations in the 1 second data suggest that if surface snow had been resuspended by the wind, it would have occurred at some distance upwind of the building. Smaller crystals should be more efficiently lofted from the snow surface and remain suspended farther downwind 355 than larger ones (Schmidt, 1982) . Thus, blowing snow should result in a relative enrichment of small crystals in the CIP PSD, independent of absolute concentration. Average 1 minute CIP PSDs were calculated, normalized to average Ni, and expressed as percentages. These are presented for high (8-12 m s This small enhancement of small particles at high TAS cannot explain the large differences between surface and aircraft measurements observed by Rogers and Vali (1987) and Geerts et al. (2015) . However, it could be due to an equivalent loss of large particles through collisional breakup. Increased turbulence should enhance collisional breakup of crystals by increasing collision frequency (Vardiman, 1978; Lohmann et al., 2016) . Combining data from both 365 studies, the correlations between u (TAS) and σu and between w and σw were 0.76 (0.75) and 0.71 (0.73), respectively, i.e., there was more turbulence at higher TAS.
Conclusions
Studies of mixed phased orographic clouds (MPC) were conducted at the Storm Peak Laboratory (SPL) in northwestern Colorado in January and February during StormVEx (2011) and IFRACS (2014) . In total, the data 370 represent ~92 hours when SPL was immersed in supercooled liquid cloud and it was snowing. On average, liquid cloud PSDs, CDNC, NMD, and LWC were similar between years while Ni and IWC were 48 and 114% higher, respectively, during IFRACS. Average wind speeds were similar (~ 6 m s -1 ) in both studies while average temperatures were colder during StormVEx (-12.8 °C) than IFRACS (-8.2 °C). Supercooled liquid cloud properties at SPL were consistent between the two studies. The microphysical properties of ice particles were more variable as they depend
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on the structure of the cloud above and upstream of SPL.
The inverse relationship between cloud droplet size (NMD) and concentration (CDNC) is related to CCN at SPL (Borys et al., 2000) . This relationship is stronger when the data are stratified by LWC. Both CDNC and NMD increase with increasing LWC, demonstrating droplet growth and enhanced activation of or entrainment of CCN below SPL.
Future studies at SPL would benefit from direct measurement of cloud base height. There was a weak relationship 380 between LWC and IWC for all data (the correlation was -0.18 (-0.10) and -0.13 (-0.16) during StormVEx and IFRACS, respectively), however, a stronger inverse relationship was evident on several days during each study. This was demonstrated for a case on February 9, 2014, where the correlation between IWC and LWC was -0.59 (-0.60). During a period of maximum IWC on this day, the droplet PSD showed a significant loss of liquid water and a decrease in droplet concentration compared to periods with low IWC and high LWC. As there was an order of magnitude increase 385 in the ice crystal concentration (Ni) between the high and low IWC periods, the loss of LWC was likely due to crystal growth at the expense of evaporating droplets (Wegener-Bergeron-Findeisen process).
Relationships between large cloud droplets (CDNC25-35) and small ice crystals (Conc75-200) suggest that droplet freezing (contact or immersion) was involved in ice production at SPL. This relationship was evident during StormVEx only at temperatures below -12 °C. During IFRACS, relationships were seen under cold (<-12 °C) and 
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